pET_conf(FWD)/pET_conf(REV) primers (Supplementary file 2). A colony that tested positive 2 7 1 for assembly was then picked and grown overnight on LB media containing kanamycin. Plasmids were recovered from 5 mL of overnight culture using a QIAGEN miniprep kit and the 2 7 3 digestion profile was verified with the assembly. Plasmids were then used to transform E. coli 2 7 4 BL21 chemically competent cells (described above). thiogalactopyranoside). Next, 2 mL of overnight culture were spun down and the supernatant 2 7 8 was removed. Next, the cell pellet was resuspended in the BugBuster master mix solution 2 7 9 (Novagen) for protein extraction following the manufacturer's instructions. The insoluble and 2 8 0 soluble fractions were loaded into an SDS-PAGE gel to confirm the overexpression of the σ 2 8 1 factor candidates (data not shown). To determine whether the σ factor candidates could activate transcription, we assembled a GFP-2 8 5 based reporter expression system under the control of the P cauto . Firstly, plasmid pBR322 was 2 8 6 digested with HindIII, purified, and used as the backbone followed by PCR amplification of the 2 8 7 DNA sequence containing P cauto from the C. autoethanogenum genome (500 bp upstream of the 2 8 8 start codon of the gene CAETHG_1617) and purification using a QIAGEN kit. Next, the GFP-UV gene was PCR amplified from plasmid pBR_PprpR-GFPUV and 2 9 0 purified after which the three DNA fragments were added at an equimolar concentration to a 2 9 1 Gibson assembly mix subsequently incubated at 50 ºC. 5 µL of the Gibson mix weas used to 2 9 2 transform chemically competent E. coli DH5α cells by heat shock and after incubation at 37 ºC, 2 9 3 100 µL of cells were spread on LB agar plates containing ampicillin (100 ug/mL) and incubated 2 9 4 at 37 ºC for 16 h. Ampicillin resistant colonies were then tested by colony PCR using the primer 2 9 5 sets of P cauto -GFP_conf(FWD-1)/ P cauto -GFP_conf(REV-1) and P cauto -GFP_conf(FWD-2)/ P cauto - GFP_conf(REV-2) (supplementary file 2). Confirmed colonies were picked and grown overnight 2 9 7 on LB containing antibiotic for plasmid recovery. The digestion profile confirmed the assembly 2 9 8 of plasmid pBR_P cauto _GFP. The P cauto -GFP-UV was excised from pBR_P cauto _GFP using restriction enzyme HindIII. Digestion mix was loaded on a 1% agarose gel and the P cauto -GFP-UV region recovered using a 3 0 1 QIAGEN gel extraction kit. Then, the recovered DNA sequence was cloned into plasmid 3 0 2 pACYC184, which was previously digested with HindIII and purified using a QIAGEN kit. Ligation was performed according to the manufacturer's instruction and 5 µL of the mix 3 0 4 was used to transform E. coli DH5α competent cells. After heat shock and incubation, 100 µL of 3 0 5 cells were spread on LB agar containing chloramphenicol (30 ug/mL) and incubated at 37 ºC for 3 0 6 16 h. Chloramphenicol-resistant colonies were tested by colony PCR for proper assembly. Positive colonies were then grown overnight on LB media and the plasmid was recovered. Assembly of plasmid pACYC_P cauto _GFP was confirmed by digestion profile and Sanger 3 0 9 sequencing (AGRF, Australia) (data not shown). Later a new reporter system including the P cauto and the GFPuv sequences was built to 3 1 3 remove the 500 bp upstream region in pBR_P cauto _gfp. The idea was to keep only the sequence 3 1 4 used for the pull-down assay plus including the ribosomal binding site (Shine-Dalgarno 3 1 5 sequence) to be tested in vivo with TetR-family protein (CAETHG_0459) and (CAETHG_2917) (see net section), the two proteins that responded positively in the in vivo assay (see results). This new plasmid, pBR_P cauto 130_gfp, was built by cloning the PCR product of primers WLP130F and WLP130R using pBR_P cauto _gfp as template, at the HindIII site of pBR322 by Gibson assembly (supplementary file 2). Then, the P cauto 130_gfp region was excised 3 2 0 from pBR_P cauto 130_gfp using HindIII and ClaI, and cloned by ligation in pACYC184 to build 3 2 1 plasmid pAC_P cauto 130_gfp. A variation of the promoter region (pAC_P cauto 30C_gfp) was also 3 2 2 built to introduce single nucleotide changes in the WLP promoter motif. Changes were as follow: promoter was again tested with the TetR-family protein (CAETHG_0459) and σ A 3 2 5 (CAETHG_2917). All plasmids maps used can be found in supplemental information. pACYC plasmid with or without (to correct for the autofluorescence of the cells) the promoter- Additionally, a system with cells carrying either the pACYC promoter-GFPuV fusion reporter or 3 3 5 its backbone plasmid plus the pET plasmid with no candidate was used as the control. For the WLP promoter motif variants (described in the previous sentence) four biological 3 4 9 replicates were used.
Student's t-test (two-tailed) was performed between each of the candidate's normalized 3 5 1 FI/OD value without and with IPTG and between the control system. A candidate gene was 3 5 2 considered to activate gene expression from P cauto if it met both of the following two conditions: 3 5 3 1) there was a statistically significant difference (p-value<0.01) in FI/OD between the candidate 3 5 4 without and with IPTG; 2. there was a statistically significant difference (p-value<0.01) between 3 5 5 the FI/OD signal of the candidate and the control vector (PET_) with IPTG. To enable the test whether the TetR-family protein CAETHG_0459 activates 3 5 9 transcription from P cauto by interacting directly with the RNAP, the target protein had to be 3 6 0 heterologously expressed and purified for the protein-protein interaction assay (see 2.9.5). The E. coli strain harbouring the plasmid pET_TetR1 (CAETHG_0459) was grown at 30 cells were left growing until OD ~3. Cells were pelleted from 1 L culture by centrifugation at 3 6 6 5,000 × g for 20 min at 4 °C, the pellet was resuspended in 5 mL of the BugBuster Master Mix temperature. Next, cells debris were removed by centrifugation at 16,000 × g for 20 min at 4 °C 3 7 0 and the supernatant (supplemented with 20 mM Imidazole) was loaded on a 1 mL Ni + -
HisTrapHP column (GE Healthcare #71-5027-68 AK) and washed with a buffer containing 100 3 7 2 mM Tris-HCl (pH 7), 100 mM NaCl, 20 mM Imidazole. The TetR-family protein protein CAETHG_0459 was eluted in the same wash buffer 3 7 4 containing a stepwise imidazole gradient (50-500 mM) following a buffer exchange performed 3 7 5 using a HiTrap Desalting column (GE Healthcare #17-1408-01). Finally, the purified protein was 3 7 6 stored in 50 mM Na 2 HPO 4 , 300 mM NaCl, pH7, 50% glycerol. Protein purity was analysed by SimplyBlue™ SafeStain (Novex). Protein concentration was measured by the Direct Detect Spectrometer (Merck Millipore). The protein-protein interaction (PPI) experiment was performed as described previously incubated with E. coli RNA polymerase Core enzyme (2.5 µg) (BioLabs #M0550S) at 37 ºC for 3 9 0 2 h. After two washes in buffer A, the beads-protein complex was suspended in 15 µL of SafeStain (Novex). The negative control was performed by incubating the RNA polymerase 3 9 5
Core enzyme with Ni+-NTA agarose beads following the same procedure. Cells carrying the Pcauto-GFP(UV) fusion reporter and the TetR-family protein 4 0 0 (CAETHG_0459) plasmids were analysed by microscopy to visualize the expression of GFP. In this work, we aimed to determine the TSSs of essential genes for autotrophic growth of the 4 1 2 model-acetogen C. autoethanogenum (e.g. genes in the WLP and of hydrogenases). We thus RNA exonuclease) that has the advantage of preserving the quantitative representation of 5′ ends 4 2 3 between processed (5'-P end) and primary (5'-PPP end) transcripts (see Methods). TSSs were We classified TSSs as primary, internal, antisense, and orphan ( Figure 1B , Table S1 ) and found (Table S1 ). More than 60% of the genes contain only one primary TSS, 4 3 2 while the rest show up to 12 TSSs ( Figure 1C , Table S1 ). Focusing on the 14 main metabolic TSSs for all genes except for the Nfn transhydrogenase complex (CAETHG_1580) ( Table S2) . While primary TSSs were detected for seven of the 11 genes of the WLP biosynthetic gene of 5′UTR lengths for primary TSSs showed a median length of 63 nt with 65% of TSSs <100 nt 4 5 1 for both growth conditions ( Figure 1E and Table S1 ). Genes with longer UTR lengths tend to be 4 5 2 regulated more at the post-transcriptional level (Cho et al., 2009; David et al., 2006) . On the Acetate or Ethanol groups ( Figure 1E and Table S3 ). In addition to the ability to determine TSSs, dRNA-Seq analysis also facilitates a more 4 5 9 accurate annotation of the genome. Based on the TSSs and the Shine-Dalgarno (AGGAGG) 4 6 0 position that was found to be highly conserved within 9-14 nt upstream of the first start codon 4 6 1 (ATG/CTG/GTG/TTG) ( Figure 1F) , we re-annotated the start codon for 38 genes and confirmed 4 6 2 the changes in one gene by peptide identification using mass spectrometry (Table S4) . Moreover, 4 6 3 either the start or stop codon of an additional 99 genes, which had previously been annotated in autoethanogenum is available in Table S5 . The RNA polymerase (RNAP) needs to form a holoenzyme with a σ factor in bacteria to for in silico determination of promoter motifs, which is important for understanding 4 7 3 transcriptional regulation, especially in less-studied bacteria such as acetogens. We searched for consensus sequence motifs 50 nt upstream of primary TSSs using the 4 7 5 MEME software (Bailey et al., 2009 ) and were able to determine seven promoter motifs in C. respectively). Of those identified, only three motifs were assigned with more than 100 TSSs and 4 7 8 shared between the two datasets, likely representing the most conserved motifs in C. autoethanogenum (Figure 2A) . Sauer et al., 1994 Sauer et al., , 1995 ). Expectedly, the well-known -35 TTGACA and -10 TATAAT motifs was also among the top-3 promoter consensus sequences (392 and 262 TSSs for syngas and 4 8 7 fructose, respectively; E-value<10 -46 ). These two motifs were assigned for most of the genes of 4 8 8 glycolysis/gluconeogenesis and the TCA cycle (Table S2 ). The third most abundant promoter motif has, to the best of our knowledge, not previously 4 9 0 been reported in the literature (Figure 2A ). P cauto , is highly conserved both during growth on 4 9 1 syngas (Motif 02 in Table S5 ; 392 TSSs; E-value<10 -174 ) and fructose (Motif 03 in Table S6 ; 224 4 9 2
TSSs; E-value<10 -77 ). Importantly, P cauto seems to be involved in the transcriptional regulation of 4 9 3 essential genes for acetogens and was assigned to genes of the WLP cluster (CAETHG_1606-21) 4 9 4 and the metabolic groups, as described in (Brown et al., 2014) , of Hydrogenases, Acetate, 4 9 5
ATPase, and Pyruvate ( Figure 2B ; Tables S2, S6, and S7). We confirmed the unique presence of or 150 nt showed no other motif apart from the one conserved within 50 nt upstream of TSSs. We performed DNA-protein binding assays to determine if the RNAP and/or other analysis.
1 9
The promoter pull down/DNA affinity chromatography method ( Figure 3A; (Jutras et al., 5 2 0 2012)) was fine-tuned for C. autoethanogenum. Eluting the proteins with 500 mM NaCl yielded 5 2 1 the most prominent bands while no bands were observed in the negative control when water was 5 2 2 used instead of DNA (data not shown), which confirms that the identified proteins were pulled (CAETHG_1920 and 1954-55) were successfully identified for both P cauto (CAETHG_1615 and 5 2 5 CAETHG_1617) and the TATAAT motif control ( Figure 3B) . Additionally, the RNAP omega 5 2 6 subunit was identified in the whole purified DNA-bound material for both motifs (Table S8 ).
2 7
The housekeeping σ A (CAETHG_2917) was detected for the TATAAT motif control as expected 5 2 8 ( Figure 3B ). A stronger band was identified in the P cauto gels around 50 kDa and identified as a 5 2 9 protein annotated as L-seryl-tRNA(Sec) selenium transferase (CAETHG_2839; 51.5 kDa) 5 3 0 ( Figure 3B ). Finally, mass spectrometry analysis of the whole purified DNA-bound material 5 3 1 identified three proteins annotated as transcriptional regulators (based on NC_022592.1) that 5 3 2 were unique for the P cauto (Table 1) and found for both CO and CO+H 2 cultures across technical 5 3 3
replicates of the DNA-protein binding assay (Table S8) . To determine whether any of the three identified protein candidates annotated as transcriptional 5 3 8 regulators that uniquely bind to P cauto (Table 1) we created a transcriptional fusion reporter vector harbouring the sequence of P cauto in-frame 5 4 0 with a green fluorescence protein (GFPuV). We also tested transcriptional activation using the L-5 4 1 seryl-tRNA(Sec) selenium transferase (CAETHG_2839) (identified as a stronger band in the 5 4 2 pull-down assay (Figure 3B) ), and using the housekeeping 
